Introduction {#S1}
============

The inflammatory responses are essential defense mechanisms for the organism, and are also engaged in wound healing and tissue regeneration. However, inflammatory signals including the cytokine interleukin-6 can also contribute to many diseases including cancer^[@R49]^. For instance, the involution of the mammary gland subsequent to lactation involves inflammatory processes that facilitate breast cancer progression^[@R33]^. Paradoxically, molecules that promote mammary epithelial cell (MEC) death during involution, such as the transcription factor STAT3, can contribute to breast cancer progression and metastasis^[@R42]^. The transcription factor Ccaat/enhancer binding protein δ (C/EBPδ, *CEBPD*), which is a target of STAT3 and a mediator of inflammatory cytokine signaling^[@R5],\ [@R39]^ also promotes MEC death during mammary gland involution^[@R50]^. In contrast to IL-6 and STAT3, which are strongly linked to progression and metastasis of many cancer types including breast cancer^[@R49]^, the role of C/EBPδ in cancer is less clear. By crossing a *Cebpd* null mutation into MMTV-Neu transgenic mice expressing the Neu (Erbb2) proto-oncogene in mammary epithelial cells, we found that C/EBPδ acts as a tumor suppressor by attenuating mammary tumor multiplicity, while also acting as a tumor promoter by increasing the incidence of metastasis to the lungs^[@R3]^.

In support of a role in tumor progression, C/EBPδ promotes inflammatory signaling and cell survival under hypoxia by inhibiting the expression of FBXW7^[@R3],\ [@R4]^, a tumor suppressor whose expression is frequently lost in glioblastoma^[@R22]^. In fact, C/EBPδ is overexpressed in glioblastoma and is a driver of glioblastoma progression^[@R5],\ [@R12]^. Also in pancreatic cancer - along with IL-6- and in urothelial carcinoma CEBPD is overexpressed and is a marker of poor prognosis^[@R30],\ [@R52]^. Furthermore, *Cebpd* mRNA expression correlates with STAT3 activity and metastasis in the MMTV-Neu mouse mammary tumor model^[@R40]^. In contrast, *CEBPD* is downregulated at the mRNA level in several cancer types, including cervical, liver, and breast cancer; and *CEBPD* mRNA expression is part of one signature predicting better survival for breast cancer patients^[@R5],\ [@R35],\ [@R38]^. Cell culture models mostly support the tumor suppressor-like functions for C/EBPδ. In myeloid and prostate cancer cell lines C/EBPδ promotes differentiation and inhibits growth^[@R5]^. C/EBPδ downregulates expression of cyclin D in cells in culture^[@R36]^, but in a small cohort of breast cancer tissues C/EBPδ correlated positively with cyclins D1 and E as well as RB1 and p16/CDKN2A^[@R34]^. In basal-type breast epithelial cell lines, C/EBPδ inhibits migration and growth in soft agar, and ectopic C/EBPδ inhibits clonal outgrowth of MCF-7 cells^[@R25],\ [@R36],\ [@R47]^. In light of these disparate findings on C/EBPδ's role in different cancers and breast cancer model systems, we investigated C/EBPδ expression in human breast cancer tissues and analyzed endogenous C/EBPδ functions with relevant subtype-specific cancer cell lines.

Our study shows that in contrast to C/EBPδ's role in inflammation and as a driver of glioblastoma progression, abundant expression of C/EBPδ is a good prognostic marker in estrogen receptor alpha positive (ER+) breast cancer, which accounts for approximately three quarters of all breast cancers. These findings suggest that the role of these "inflammatory molecules" may be subtype-specific and call for further investigation, especially in light of ongoing efforts to develop inhibitors of the IL-6 and STAT3 pathway for breast cancer.

Results {#S2}
=======

C/EBPδ protein is expressed in normal human and mouse breast epithelial cells {#S3}
-----------------------------------------------------------------------------

Genomic approaches showed that *CEBPD* mRNA levels are highest in normal breast, decrease with cancer progression and are inversely correlated with tumor grade^[@R38]^. Similar data can be retrieved with the on-line tool "Gene-expression based outcome for breast cancer online" ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}). Because C/EBPδ expression can be regulated at the level of protein stability^[@R4],\ [@R12],\ [@R47]^ its mRNA levels are not always predictive of protein expression. Therefore, we developed an antibody suitable for detection of C/EBPδ by IHC ([Supplementary Figure S2](#SD1){ref-type="supplementary-material"}). In normal breast, C/EBPδ protein was detected in luminal epithelial cells, with expression also in some basal and stromal cells ([Figure 1a](#F1){ref-type="fig"}). This result contrasted our previous observation in mice, where C/EBPδ was not detectable in formalin-fixed mammary glands of nulliparous animals^[@R50]^. However, upon assessment of staining in frozen sections we indeed confirmed C/EBPδ protein expression in mammary epithelial cells of the adult mouse mammary gland ([Figure 1b](#F1){ref-type="fig"}). These results demonstrate that C/EBPδ protein is a component of normal mammary epithelial cells in the human and mouse mammary gland.

C/EBPδ protein but not mRNA is enriched in hormone receptor positive breast cancer and correlates with markers of good prognosis {#S4}
--------------------------------------------------------------------------------------------------------------------------------

To address C/EBPδ protein expression in breast cancer we first chose a tissue microarray (TMA-1) that included tumors from a dataset in which *CEBPD* mRNA was part of a gene expression signature that identified patients with longer survival^[@R35]^. This TMA revealed that C/EBPδ protein was also present in the carcinoma cell nuclei of a subset of cancer tissues and significantly enriched in ER+ tumors ([Figure 1c--d](#F1){ref-type="fig"}). Positive correlations were also found with lower tumor grade (Spearman correlation coefficient: C.C. = −0.344; *P* = 0.0019) and two markers of the luminal subtype: cytokeratin 19 (C.C. = 0.30; *P* = 0.0092) and progesterone receptor (PGR; C.C. = 0.38; *P* = 0.0007). There were no significant correlations with EGFR, CK14, or p53. Interestingly, across breast cancer subtypes, there was no correlation of *CEBPD* mRNA levels with ERα status in this cohort (data not shown) or three other larger datasets ([Figure 1e](#F1){ref-type="fig"} and [Supplementary Figure S3b](#SD1){ref-type="supplementary-material"}). This result demonstrates preferential expression of C/EBPδ protein, but not mRNA, in ER+ tumors.

Next, we analyzed an independent cohort with 292 breast cancer cases (TMA-2), which identified 30% of the tumors as C/EBPδ-positive (\>50% staining), 75% of which were ER+ (\>10% staining). Again, C/EBPδ expression correlated positively with ERα and PGR, and inversely with tumor grade ([Table 1](#T1){ref-type="table"}). Within ER+ cancers C/EBPδ also correlated positively with phosphorylated ERK (pERK), which can be an independent indicator of good prognosis^[@R14]^, citations within), and inversely with the hypoxia indicators carbonic anhydrase IX and VEGF**,** which are poor prognostic markers^[@R11]^. No significant correlations were found with (a) the clinical parameters of tumor size, age, or lymph node status; (b) the proliferation indicators Ki67 and cyclin D1; or (c) the proteins p27 (CDKN1B) or HER2. Taken together, these analyses revealed that the C/EBPδ protein is preferentially expressed in hormone receptor positive breast cancers and correlates with pathological indicators of a more benign tumor phenotype.

ERα promotes C/EBPδ protein stability through inhibition of the FBXW7 pathway {#S5}
-----------------------------------------------------------------------------

To study the potential mutual regulation of C/EBPδ and hormone receptors, we used RNA interference in cell culture models. While C/EBPδ levels are significantly lower in breast cancer cell lines compared to the non-tumorigenic MCF-10A and MCF-12A cells^[@R47]^, it was detectable in the three ER+ lines MCF-7, T47D and CAMA-1 ([Figure 2a](#F2){ref-type="fig"}). In these cell lines, silencing of *CEBPD* did not change the level of ERα protein or ERα activity ([Figures 2b--d](#F2){ref-type="fig"}), which was inferred from the mRNA levels of the progesterone receptor (PGR), a well-established target gene of ERα. On the other hand, silencing of the ERα gene (*ESR1)* did reduce C/EBPδ protein levels although *CEBPD* mRNA levels remained unchanged or increased modestly ([Figures 2b--d](#F2){ref-type="fig"}). Similar results were obtained in MCF-7 cells when ERα activity was inhibited with tamoxifen or ERα expression was downregulated by fulvestrant ([Figure 2e](#F2){ref-type="fig"}). In contrast, addition of estradiol increased C/EBPδ protein levels, again without affecting *CEBPD* mRNA expression ([Figure 2f](#F2){ref-type="fig"} and [Supplementary Figure S4a](#SD1){ref-type="supplementary-material"}). Taken together these data show that ERα promotes C/EBPδ expression at the level of the protein.

To address the mechanism by which ERα promotes C/EBPδ protein expression, we assessed C/EBPδ protein stability. We had previously shown that the C/EBPδ protein is unstable in breast cancer cell lines due to the SIAH2 E3 ubiquitin ligase^[@R47]^. Therefore, the proteasome inhibitors bortezomib or MG132 alone increased C/EBPδ protein levels ([Figure 2g](#F2){ref-type="fig"} and [Supplementary Figure S4b](#SD1){ref-type="supplementary-material"}). However, these drugs could also at least partially recover C/EBPδ protein expression when ERα expression was depleted. To more directly assess C/EBPδ protein stability, cells were treated with fulvestrant ([Figure 2h](#F2){ref-type="fig"}) or tamoxifen ([Supplementary Figure S5a](#SD1){ref-type="supplementary-material"}) plus the protein synthesis inhibitor puromycin. Under these conditions, compared to vehicle control, C/EBPδ protein levels decreased more quickly when ERα was inhibited. These data show that ERα promotes C/EBPδ protein stability.

Next we asked whether ERα was attenuating C/EBPδ degradation by the SIAH2 E3 ligase^[@R47]^. However, silencing of SIAH2 could not rescue C/EBPδ protein when ERα was depleted ([Supplementary Figure S5b](#SD1){ref-type="supplementary-material"}). To confirm SIAH2 silencing we assessed its mRNA expression levels, which revealed that ERα supports *SIAH2* expression at least at the level of the mRNA ([Supplementary Figure S5c](#SD1){ref-type="supplementary-material"}). Taken together, these results rule out the SIAH2 pathway as the target for ERα-mediated CEBPδ protein stabilization.

The F-box protein FBXW7, a substrate binding domain of SKP1-Cullin 1-F box protein (SCF)-type E3 ubiquitin ligases, can also target C/EBPδ for proteasomal degradation ^[@R4]^. FBXW7 interacts with most substrates -- including C/EBPδ -- only after phosphorylation of their degron sequence by GSK-3β^[@R4],\ [@R16]^. GSK-3β is constitutively active unless it is phosphorylated by kinases such as Akt on serine 9 ^[@R58]^. ERα can inhibit GSK-3β activity either through activation of Akt kinase and/or by direct interaction with GSK-3β ^[@R6],\ [@R9],\ [@R55]^. Accordingly, we also observed that inhibition of ERα in MCF-7 cells by either siRNA or fulvestrant reduced the inhibitory phosphorylation of GSK-3β on Serine 9 ([Supplementary Figure S5d](#SD1){ref-type="supplementary-material"}). In agreement with activation of the GSK-3β kinase^[@R58]^, targets of GSK-3β mediated protein degradation such as Aurora kinase A^[@R53]^ and β-catenin^[@R48]^ were also reduced when ERα was inhibited. Silencing of FBXW7 in MCF-7 ([Figure 2i](#F2){ref-type="fig"} and [Supplementary Figures S5e--f](#SD1){ref-type="supplementary-material"}) and T47D ([Figure 2i](#F2){ref-type="fig"}) cells not only increased basal levels of C/EBPδ, as expected^[@R4]^, but completely recovered C/EBPδ protein expression when ERα was inhibited by either fulvestrant ([Supplementary Figures S5e-f](#SD1){ref-type="supplementary-material"}) or RNAi ([Figure 2i](#F2){ref-type="fig"}). Similar results were obtained for Aurora A kinase, which is also a target of the SCF^FBXW7^ degradation pathway ^[@R53]^. FBXW7-silencing also led to a subtle but reproducible increase in ERα protein. However, the expression level of β-catenin protein, which is degraded by the FBXW7-independent β-TrCP complex^[@R48]^, was not rescued by FBXW7-silencing. Consistent with regulation of expression through protein stability, the mRNA levels of Aurora A (*AURKA*), β-catenin (*CTNNB1*) and *CEBPD* were not affected by silencing of ERα and/or FBXW7 ([Supplementary Figure S5g](#SD1){ref-type="supplementary-material"}). Taken together, our data indicate that ERα supports C/EBPδ protein stability by inhibiting the GSK-3β-FBXW7 pathway and thereby preventing proteasomal degradation of FBXW7 substrates.

Identification of C/EBPδ regulated genes/pathways {#S6}
-------------------------------------------------

To identify the signaling pathways regulated by C/EBPδ we determined the effect of *CEBPD*-silencing on the transcriptome in MCF-7 cells. We prioritized MCF-7 cells because these cells have a significant basal level of C/EBPδ protein ([Figure 2A](#F2){ref-type="fig"}) and express wild-type p53, a property of most ER+ breast cancers^[@R19]^. An exploratory mRNA-Seq approach revealed that C/EBPδ supports the expression of 319 genes and attenuates the expression of 238 genes (1.5-- to 12--fold differential expression) ([Figure 3a](#F3){ref-type="fig"}). About 90% of tested genes could be validated as C/EBPδ-regulated by QPCR with independent mRNA samples and by silencing *CEBPD* with either one of two siRNA sequences ([Supplementary Figures S6a-b](#SD1){ref-type="supplementary-material"}). Analysis of the association of these differentially expressed genes (DEGs) with biological pathways using the Ingenuity Pathway Analysis suite (IPA) showed that the top Canonical Pathway was "acute phase response signaling" (P value 5.26E-03), and the top Upstream Regulators were lipopolysaccharide (*P* =5.93E-08), IL1 (*P* =1.93E-07), and TNF (*P* =3.40E-07). These results are consistent with the well-known functions of C/EBPδ in inflammatory signaling pathways and immune responses^[@R5],\ [@R39]^. To assess whether C/EBPδ--regulated genes clustered with specific breast cancer subtypes we used the ONCOMINE^™^ platform, which identified datasets in which C/EBPδ--inhibited genes were enriched for genes that are upregulated in cancers that are ER-negative, metastatic or invasive compared to ER-positive, non-metastatic, and ductal carcinoma in situ, respectively ([Supplementary Figure S6c](#SD1){ref-type="supplementary-material"}). In contrast, C/EBPδ--activated genes were enriched for genes that are preferentially expressed in ER+ cancers compared to ER-negative cancers ([Supplementary Figure S6d](#SD1){ref-type="supplementary-material"}). These results are in agreement with the observation that C/EBPδ protein was predominantly expressed in ER+ and lower grade tumors ([Figure 2](#F2){ref-type="fig"} and [Table 1](#T1){ref-type="table"}) and indicate that C/EBPδ promotes the expression of genes that contribute to the ER+ tumor phenotype and attenuates the expression of genes that correlate with invasiveness, metastasis, and an ER− tumor phenotype.

C/EBPδ regulates a subset of genes through direct inhibition of SNAI2 expression {#S7}
--------------------------------------------------------------------------------

Further analysis of the DEGs by IPA showed that the most significantly affected specific BioFunction was "cellular movement" ([Figure 3b](#F3){ref-type="fig"}), consistent with the observation that C/EBPδ can attenuate cell migration and invasiveness^[@R47],\ [@R56]^, which we also confirmed in MCF-7 cells ([Supplementary Figure S7a--b](#SD1){ref-type="supplementary-material"}). Many molecular pathways that promote cell proliferation, migration and invasiveness in cultured cells, have been shown to correlate with or contribute to tumor aggressiveness *in vivo*^[@R45],\ [@R51]^. We therefore focused our attention on genes that are upstream regulators of cell motility, which led us to the transcriptional repressor SNAI2 (also known as SLUG) a well-known promoter of cell motility and invasiveness in different normal and cancer cells^[@R15]^. *CEBPD*-silencing induced the expression of *SNAI2* mRNA and protein levels in MCF-7 ([Figure 3c](#F3){ref-type="fig"}) and T47D cells ([Supplementary Figure S8a](#SD1){ref-type="supplementary-material"}). Expression of p53 is shown here and in subsequent Figures as a negative control because its mRNA levels were not affected by C/EBPδ or SNAI2 depletion. Chromatin binding assays showed that C/EBPδ bound directly to a site in the proximal *SNAI2* promoter ([Figure 3d](#F3){ref-type="fig"}) identifying *SNAI2* as a direct target gene of C/EBPδ.

To address whether inhibition of the SNAI2 repressor by C/EBPδ was reflected in the C/EBPδ-dependent transcriptome, we assessed the overlap between genes that are repressed by ectopic SNAI2 in MCF-7 cells^[@R18]^ and genes that were downregulated in *CEBPD*-silenced cells. Several of these genes (*NUPR1, FAM129A, EGR1* and *MVP)* were rescued to various degrees when SNAI2 was co-silenced along with C/EBPδ in MCF-7 cells ([Figure 3e](#F3){ref-type="fig"}). Similar data were obtained for *NUPR1, FAM129A,* and *EGR1* in T47D cells ([Supplementary Figure S8b](#SD1){ref-type="supplementary-material"}). These results demonstrate that C/EBPδ promotes expression of a subset of genes at least in part through inhibition of the SNAI2 repressor.

In addition to attenuating cell migration and invasion, C/EBPδ also decreased cell population growth ([Supplementary Figure S7c](#SD1){ref-type="supplementary-material"}). Analysis of the list of DEGs for potential regulators of the cell cycle led us to the cyclin-dependent kinase inhibitor 1A (CDKN1A, p21^CIP1/WAF1^), which was significantly reduced in *CEBPD*-silenced MCF-7 cells ([Supplementary Figure S8c](#SD1){ref-type="supplementary-material"}). CDKN1A attenuates MCF-7 cell growth^[@R29]^, and is a target gene of SNAI2 in mouse embryonic fibroblasts^[@R8]^. The co-silencing approach showed that C/EBPδ supports expression of CDKN1A in MCF-7 cells by inhibiting SNAI2 expression ([Figure 3f](#F3){ref-type="fig"}), suggesting that this pathway may contribute to attenuation of MCF-7 cell growth by C/EBPδ.

C/EBPδ attenuates cell migration and proliferation through inhibition of SNAI2 expression {#S8}
-----------------------------------------------------------------------------------------

To determine if activation of SNAI2 was responsible for the phenotypes of *CEBPD*-depleted cells ([Supplementary Figure 7](#SD1){ref-type="supplementary-material"}), we silenced *SNAI2* and assessed cell migration, invasiveness, and growth. Co-silencing of both *SNAI2* and *CEBPD* indeed attenuated the increased migration by *CEBPD*-silenced cells ([Figure 4a](#F4){ref-type="fig"}). To assess the role of SNAI2 in invasiveness we used the Boyden chamber assay because shorter incubation times make this assay amenable to the co-silencing approach. Although MCF-7 cells are not very capable of crossing the matrigel barrier, silencing of *CEBPD* doubled the number of invasive cells in a SNAI2-dependent manner ([Figure 4b](#F4){ref-type="fig"}). Lastly, analysis of cell growth revealed that co-silencing of *SNAI2* completely abolished the accelerated cell population growth of *CEBPD*-silenced MCF-7 cells ([Figure 4c](#F4){ref-type="fig"} and [Supplementary Figures S8d](#SD1){ref-type="supplementary-material"}) along with rescue of *CDKN1A* expression ([Figure 3f](#F3){ref-type="fig"} and [Supplementary Figures S8e](#SD1){ref-type="supplementary-material"}). Consistent with its very low basal levels, silencing of *SNAI2* had no effect on control cells that express C/EBPδ. Taken together, these results identify inhibition of SNAI2 expression as one molecular mechanism by which C/EBPδ attenuates cell growth, migration, and invasion in MCF-7 cells. These results show that endogenous C/EBPδ attenuates malignant behaviors of MCF-7 cells in culture and are consistent with the observation that C/EBPδ expression was significantly associated with low tumor grade in patients.

C/EBPδ expression is associated with better outcome for ER+ breast cancer patients {#S9}
----------------------------------------------------------------------------------

Lastly, we asked if C/EBPδ protein expression in breast tumors correlated with outcome for patients. For the TMA-1 cohort, across all patients, C/EBPδ immunostaining was associated with a longer time to distant metastasis (*P* = 0.03, Log-Rank test) and disease-specific patient survival (*P* = 0.018 for all patients; Log-rank test) ([Figures 5a--b](#F5){ref-type="fig"}). Loss of C/EBPδ was a poor prognostic factor even within the 52 ER+ tumor cohort (hazard ratio for C/EBPδ positivity, 0.31; 95% confidence interval, 0.1 -- 0.99; *P* = 0.048; *P* = 0.036 by Log-rank test) ([Figure 5c--d](#F5){ref-type="fig"}). Multivariate analysis of survival data associated with the 299 patient cohort of TMA-2 with 192 ER+ cases also showed that a high nuclear C/EBPδ staining score was a significant (*P*=0.041) good prognostic marker independent of ER status ([Table 2](#T2){ref-type="table"}). Taken together, the results of both cohorts overall agree in that C/EBPδ expression correlates not only with lower tumor grade and steroid hormone receptor expression, but also with lower risk of progression

These findings are in stark contrast to the observation that C/EBPδ is associated with poor prognosis of glioblastoma, pancreatic and urothelial carcinoma, and its association with inflammatory signaling (see Introduction). In breast cancer, an inflammatory tumor signature and specifically systemic IL-6 are associated with poor outcome and metastasis^[@R17]^. To begin to address this conundrum, we interrogated the correlation of *CEBPD* and *IL6* mRNA levels with patient outcome using the on-line tool BreastMark^[@R32]^. *CEBPD* alone did not show a specific correlation with disease progression ([Figure 5e](#F5){ref-type="fig"}). This was not surprising given the known dissociation of *CEBPD* mRNA and protein expression levels ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). However, *IL6* mRNA alone was associated with a lower hazard ratio (HR) specifically in ER+ breast cancer but not in ER-negative cancer. The combination of *IL6* with *CEBPD* further improved outcome at the level of HR and statistical significance ([Figure 5e](#F5){ref-type="fig"} and [Supplementary Table S1](#SD1){ref-type="supplementary-material"}). This pattern was also seen for ER+/PR+ cancers. In contrast, expression of the C/EBP family member *CEBPB* (C/EBPβ) alone was associated with worse outcome for ER+ cancer patients and negated any benefit of IL6 expression. These results further support a role for C/EBPδ as a marker of good prognosis in ER+ breast cancer and raise the possibility that C/EBPδ specifically contributes to a beneficial role of the IL-6 pathway in ER+ breast cancer.

DISCUSSION {#S10}
==========

In this study we describe expression of the C/EBPδ transcription factor in normal breast epithelial cells and in steroid hormone receptor (HR+) positive breast cancer with relatively indolent characteristics. This result was surprising for two reasons: 1) Large scale mRNA analyses had not predicted preferential expression of C/EBPδ in HR+ breast cancers; 2) C/EBPδ is best characterized as a pro-inflammatory factor and is associated with aggressiveness of other cancer types such as glioblastoma, pancreatic cancer, and urothelial carcinoma (see Introduction). Our results highlight the importance of tumor characterizations at the level of the protein and the significant role of cell type and context for the function of specific proteins.

ERα signaling promotes C/EBPδ protein stability at least in part through inhibition of the GSK-3β-SCF^FBXW7^ pathway, which is in fact a tumor suppressor pathway as it downregulates many oncoproteins ^[@R16],\ [@R53]^. Interestingly, GSK-3β has been shown to in turn contribute to ERα protein stability ^[@R20]^. On the other hand, C/EBPδ also downregulates expression of FBXW7^[@R3]^. And Hence, these proteins engage in multiple circuits of cross talk, and the mechanisms regulating this delicate balance of tumor promoting and tumor suppressing proteins and pathways may be critical for the ultimate outcome of cancer cell fate.

Interestingly, among breast cancer subtypes, FBXW7 mRNA levels are lowest in luminal cancers^[@R54]^, which may also contribute to C/EBPδ's expression in HR+ cancers. The co-expression of ERα and C/EBPδ raises the question if they coordinately regulate target genes. We could not positively identify physical interaction between C/EBPδ and ERα. However, C/EBP binding motives have been identified in ER target genes^[@R10]^. Although the presence of a C/EBP motif does not predict which of the C/EBP family proteins -- if any - may bind, and analysis of our mRNA-Seq data did not indicate a significant effect of C/EBPδ on ERα pathways, we do not rule out a role of C/EBPδ in the regulation of specific ERα targets that may be relevant for breast cancer biology.

In tumor tissues, we also observed a significant correlation of C/EBPδ with PGR expression. Given that PGR is a direct target of ERα and that PGR+ tumors are typically also ER+^[@R23]^, we speculate that the considerable correlation of C/EBPδ with PGR in tissues reflects the ability of ERα to support both *PGR* gene expression as well as C/EBPδ protein stability. Loss of these arms of ER signaling may then lead to the development of PGR-/ C/EBPδ-cancers with worse prognosis.

The C/EBPδ protein harbors a classical activation domain but can also repress genes in association with co-repressors^[@R5]^. In this study we identified SNAI2 as C/EBPδ-repressed gene, whose activation mediates enhanced proliferation, migration and invasiveness of *CEBPD*-silenced MCF-7 cell, consistent with the reported roles of SNAI2 in motility and proliferation of breast cancer cell lines in culture (^[@R2]^ and references therein). In normal mammary epithelial cells, SNAI2 supports a basal phenotype and stemness while suppressing luminal differentiation; and loss of *Snai2* in the mammary gland results in hyperproliferation of luminal cells^[@R37]^ and references therein). In breast cancers, *SNAI2* expression is enriched in the triple-negative subtype, and tumors with lymph-node meatastsis and high grade^[@R1]^. Experimental model systems also support a role for SNAI2 in breast cancer cell stemness, basal phenotype, and metastasis^[@R18],\ [@R21]^. Thus, inhibition of SNAI2 expression by C/EBPδ may contribute to the development of luminal cancers while also attenuating their progression. For example, we found that C/EBPδ promotes expression of the CDK inhibitor CDKN1A through inhibition of SNAI2. CDKN1A has been correlated with hormone receptor positive and node-negative status of breast cancers^[@R41]^ and *CDKN1A* expression can predict recurrence-free survival of ER+ cancer patients^[@R31]^. Taken together, these pathways, which may also cooperate with other C/EBPδ regulated genes, provide a plausible mechanism for the correlation of C/EBPδ with better prognosis in ER+ breast cancer.

Our findings are in apparent conflict with C/EBPδ's role as a pro-inflammatory molecule, in particular in the context of the cytokine IL-6. C/EBPδ and C/EBPβ activate the IL-6 gene and are in turn activated by IL-6 signaling^[@R39]^. Both systemic inflammation and tumor inflammation are associated with worse prognosis for breast cancer patients. Mechanistically, IL-6 promotes breast cancer stem cells, tumor escape from immune-surveillance, and treatment resistance^[@R28],\ [@R49]^. In contrast, IL-6 can also act as an intra-tumoral anti-inflammatory agent and promote the anti-tumor immune response^[@R17]^, and a few studies found a correlation of IL-6 in breast cancer with better prognosis^[@R27]^.

We presented data indicating that in ER+ breast cancer specifically, *IL6* mRNA levels correlated with lower risk of progression, which was further reduced with the additional expression of *CEBPD*. This data agrees with reports that C/EBPδ mediates growth inhibition of a prostate cancer cell line by IL-6^[@R46]^ and of a mouse mammary epithelial cell line by the IL-6 related cytokine oncostatin M^[@R24]^. In contrast, we observed that *CEBPB* was associated with greater risk of progression and abrogated any "benefit" of *IL6* gene expression. This result agrees with many studies that have shown a role for C/EBPβ -- and in particular of its truncated isoform -- in the progression of breast cancer^[@R7],\ [@R57]^. The complexity of cell types within tumors and tumor cell heterogeneity are important aspects of tumor development and progression. We do not know which cells express *IL6* and/or *CEBPD* in these tumors, nor whether the proteins are present. Therefore, these results do not permit conclusions on gene function at present, but indicate that pathways that allow more *CEBPD* than *CEBPB* gene activation in combination with IL-6 are beneficial to the patient. Given the current attempts to target IL-6 in cancer^[@R26]^, our results indicate that further investigations into the precise role of these molecules and their downstream effectors in the context of breast cancer subtypes are warranted.

Materials And Methods {#S11}
=====================

Reagents and Cell lines {#S12}
-----------------------

All reagents and antibodies were commercially available as described in [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"}.

Transient transfections and RNA interference {#S13}
--------------------------------------------

Cells were nucleofected with siRNAs according to the manufacturer's instructions (Amaxa Biosystems/Lonza); see [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"} for details and sequences. The effect of siRNA on protein/RNA expression was assessed two days after nucleofection unless indicated otherwise

Cell behavior assays {#S14}
--------------------

Cell migration was quantified 8 h after removal of culture inserts (Ibidi). Invasive cells were quantified through migration across matrigel after 36 h of culture in Boyden chambers. Colony formation was assessed after two weeks of culture in 0.3% agarose. Cell proliferation/viability was assessed with a microplate reader after staining with AlamarBlue (Invitrogen). Data are presented as mean ± S.D.. For details see [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"}.

Protein and RNA Analysis, Chromatin Immunoprecipitation Assay, and Immunohistochemistry {#S15}
---------------------------------------------------------------------------------------

Standard protocols were applied (see [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"}). Quantitative data are shown as the mean±S.D. unless indicated otherwise, and were analyzed by the two-tailed unequal variance t-test.

mRNA-Seq Analysis {#S16}
-----------------

Total RNAs from MCF-7 cells were purified after 48 h silencing with siRNAs against *CEBPD* or control. Library preparation was by standard protocol. Samples were run on a HiSeq2000 and analyzed as described in [Supplementary Materials and Methods](#SD1){ref-type="supplementary-material"}. The data are available at the NCBI Gene Expression Omnibus under accession number GSE69604: <http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=yvsjaqkgfdsrfmf&acc=GSE69604>

Patient Cohorts and Tissue microarray analysis {#S17}
----------------------------------------------

TMA-1: A series of 140 invasive breast carcinomas, as described previously^[@R13]^, represented in a tissue microarray by a 0.6 mm core yielded data for C/EBPδ in 79 cases. The degree of nuclear C/EBPδ staining in carcinoma cells of each tissue core was assessed using an Allred scoring system encompassing staining intensity (0 = none, 1 = weak, 2 = moderate, 3 = strong) and the proportion of expressing cells (0 = 0%, 1 = \<1%, 2 = 1--10%, 3 = 11--33%, 4 = 34--66%, 5 = \>66%); the sum of the scores produced the final Allred score ranging from 0 to 8. Data relating to immunostaining of other markers was available as H-score, also a composite of staining intensity and the percentage of stained cells, ranging from 0 -- 300. ER status was defined by the diagnostic assay at the source hospital.

Associations with dichotomous variables were assessed using Fisher's exact test. C/EBPδ expression was dichotomized for some analyses; cases with an Allred score of \>0 were deemed positive. Correlations between ordinal variables and ordinal versus continuous variables were assessed using Spearman's correlation coefficient. Association with 10-year breast cancer-specific survival was assessed using a Cox-proportional hazards model providing a hazard ratio and 95% confidence interval. The Log-Rank test was used to compare survival probability between groups in Kaplan-Meier survival plots. All statistical analyses were conducted in Intercooled Stata version 11.1 (Stata Corp., Texas, USA).

TMA-2: The cohort investigated with TMA-2 was as described^[@R44]^: 299 tumors (mean size 25 mm, 84% ductal carcinoma in situ) were analyzed from pre-menopausal breast cancer patients (mean age 44 years, 72% lymph node positive) with no adjuvant treatment or 2-year tamoxifen treatment, and long follow-up time in the form of recurrence free survival. The frequency of nuclear and cytoplasmic C/EBPδ staining in carcinoma cells was evaluated separately as 0% (0), 50% (1), and \>50% (2) and were distributed as follows for nuclear stain: score 0, 134 samples (45%); score 1, 83 samples, (28%); score 2, 82 samples (27%). After initial analyses, samples scoring 0 or 1 for C/EBPδ were grouped together for the survival analysis due to similar survival plots in Kaplan Meier analyses. All statistical tests were two-sided, and the calculations were done in Statistical Package for the Social Sciences version 17.0 (SPSS, Chicago, IL). ER+ status was defined as \>10% nuclei positive for ER.

All human subject studies were approved by respective institutional review boards.
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![C/EBPδ is expressed in normal breast epithelial cells and ER+ breast cancer\
**A)** Immunohistochemistry of C/EBPδ of two independent human breast tissue specimen (scale bar = 60 μm). **B)** Immunohistochemistry of C/EBPδ on frozen sections of abdominal mammary glands from 4--month old *Cebpd* wild-type (WT) and null mutant (KO) mice at diestrous, two independent specimen each (i--ii). **C)** Immunohistochemistry of C/EBPδ in human breast cancer tissues with ER status as indicated. i: ductal papillary adenocarcinoma; ii--iv: invasive ductal carcinoma (scale bar = 60 μm). **D)** Correlation analysis of ERα and nuclear C/EBPδ staining in carcinoma cells of breast cancer tissue microarray 1 (TMA-1). Number of specimen (percentages for C/EBPδ in parenthesis) scored as positive or negative for C/EBPδ and ERα are shown. See [Supplementary Figure S3A](#SD1){ref-type="supplementary-material"} for distribution of C/EBPδ staining frequency and intensity. **E)** *CEBPD* mRNA expression in breast cancer tissues according to ER status as analyzed by GOBO (<http://co.bmc.lu.se/gobo>)^[@R43]^. The number of samples per group is shown above the plots.](nihms769087f1){#F1}

![ERα supports C/EBPδ protein stability through inhibition of the FBXW7 pathway\
**A)** Western blot analysis of C/EBPδ and ERα protein expression in ER+ breast cancer cell lines MCF-7, T47D and Cama-1; ER-, basal MDA-MB-231 cells; and non-tumorigenic, basal MCF-10A cells. SE, LE: short and long exposure, respectively. Tubulin was used as loading control. **B)** Western analysis (left) of C/EBPδ and ERα protein levels and Quantitative PCR (QPCR) analysis (right) of *CEBPD* and *PGR* mRNA levels in MCF-7 cells after nucleofection with siRNAs against non-specific control (-, siNS), C/EBPδ (siCEBPD) or ERα (siESR1) (n=3,\* *P*\<0.05 and \*\* *P*\<0.01 when compared to siNS). **C)** Western and QPCR analysis of T47D cells as in panel B. **D)** Western and QPCR analysis of Cama-1 cells as in panel B. **E)** Western and QPCR analysis of MCF-7 cells treated for 48 h with 1 μM of fulvestrant, tamoxifen, or ethanol (EtOH) as solvent (\*\**P*\<0.01 when compared to EtOH, n=3). **F)** Western and QPCR analysis of MCF-7 and T47D cells treated with β-estradiol (E2, 1nM) for the indicated times (\**P*\<0.05, \*\* *P*\<0.01; n=3). **G)** Western analysis of C/EBPδ and ERα protein in MCF-7 cells transfected with siRNA against ERα (siESR1) or non-specific control (-) and treated 48 h later with (bortezomib (5 μM) for the indicated times. DMSO was used as solvent control. **H)** Representative Western analysis (top panels) of MCF-7 cells treated with Fulvestrant (1 μM) or solvent control (EtOH) and 48 h later with puromycin (15 μg/ml) for the indicated times. Tubulin and a non-specific (N.S.) band are shown as loading controls. The bottom panel shows quantification of C/EBPδ protein expression normalized to the non-specific band from three independent experiments (\* *P*\<0.05 and \*\* *P*\<0.01). **I)** Western analysis of the indicated proteins in whole cell extracts from MCF-7 and T47D cells transfected with siRNA against FBXW7 (siFBXW7), ERα (siESR1), or non-specific control (-).](nihms769087f2){#F2}

![C/EBPδ inhibits SNAI2 expression\
**A)** Heat map generated by Partek Genomics Suite showing the global changes in gene expression (fold change 1.5, *P*\<0.05) upon C/EBPδ-silencing as determined by mRNA-Seq analysis. MCF-7 cells were transfected with siRNA against C/EBPδ or non-specific control and RNA was harvested 48 h later (n=2). **B)** Schematic generated by Ingenuity Pathway Analysis showing the top ten most significantly represented "biological functions" by the DEGs (*P* values: 3.08E-07 to 4.18E-12) from [Supplementary Figure S7](#SD1){ref-type="supplementary-material"}. Enrichment score is reported as the minus log transformation on the geometric mean of *P*-values from the enriched annotation terms associating with one or more of the gene group members. The genes are clustered into significantly enriched groups for specific biological functions. The threshold line indicates at *P*-value of 0.05. The number of genes in each group is indicated on the right. **C)** Western analysis (left) of C/EBPδ and SNAI2 protein levels and QPCR analysis (right) of C/EBPδ (*CEBPD*), *SNAI2* and p53 (*TP53*) mRNA levels in MCF-7 cells 48 h after nucleofection with siRNAs against non-specific control (-,siNS), C/EBPδ (siCEBPD) or SNAI2 (siSNAI2) (n=3, \* *P*\<0.05 and \*\* *P*\<0.01 when compared to siNS). **D)** Schematic (upper panel) showing the potential binding sites for C/EBP proteins in the *SNAI2* promoter, and quantification of QPCR analyses (lower panels) of DNA fragments in chromatin immunoprecipitation (ChIP) assays with MCF-7 cells and C/EBPδ-specific antibodies or IgG as control. The primers were specific for regions encompassing sites 1 and 2 (SNAI2-S1,-S2), a genomic region without C/EBP binding motif (N.S.) as negative control, and the C/EBPδ binding site in the *TLR4* promoter^[@R4]^ as positive control (n=3,\*\* *P*\<0.01). **E)** QPCR analysis of the mRNA expression levels of the indicated genes in MCF-7 cells as in panel A (n=3, \* *P*\<0.05, \*\* *P*\<0.01). **F)** Western blot analysis (left) of C/EBPδ, SNAI2, CDKN1A and ERα protein levels and QPCR analysis (right) of C/EBPδ, SNAI2, CDKN1A and p53 mRNA levels in MCF-7 cells 48 h after nucleofection with siRNAs against non-specific control (-,siNS), C/EBPδ (siCEBPD) or SNAI2 (siSNAI2) (n=3,\*\* *P*\<0.01 when compared to siNS).](nihms769087f3){#F3}

![Silencing of SNAI2 expression reverts the phenotype of C/EBPδ-depleted MCF-7 cells\
**A)** Cell migration assay. MCF-7 cells were transfected with the indicated siRNAs and grown with culture inserts until confluent. Representative images (left) are shown at the indicated time after removal of the insert along with quantification (right) of wound closure from three independent experiments each done in triplicates (\**P*\<0.05, \*\* *P*\<0.01). **B)** Transwell invasion assay. MCF-7 cells treated as in panel A were plated without serum in Matrigel invasion chambers. Cells that migrated to the side with serum-containing medium after 36 h were stained with DAPI and counted (n=3,\* *P*\<0.05, \*\* *P*\<0.01). **C)** Analysis of cell population growth/viability by vital dye staining (Alamar blue) of MCF-7 cells with transient knockdown of C/EBPδ (siCEBPD), SNAI2 (siSNAI2), or control (siNS) (n=3, \*\* *P*\<0.05). \*\* *P*\<0.01).](nihms769087f4){#F4}

![C/EBPδ expression correlates with longer survival of breast cancer patients\
Kaplan Meier survival plots of breast cancer patients represented on TMA-1. **A)** Metastasis-free survival of all patients. The number of patients and events (n/events) are indicated for the groups with and without C/EBPδ staining. **B)** Disease-specific survival for all patients as in panel A. **C)** Metastasis-free survival of patients with ER+ cancer. **D)** Disease-specific survival of patients with ER+ cancer. All *P* values are from log-rank tests. **E)** *CEBPD,* but not *CEBPB,* mRNA expression is associated with lower risk of progression for ER+ breast cancer patients when combined with *IL6* mRNA. Analysis of *CEBPD*, *CEBPB* and *IL6* gene expression levels alone or in combination and in association with disease free survival in the indicated patient populations. Meta-analysis of 26 data sets conducted with the BreastMark on-line tool (<http://glados.ucd.ie/BreastMark/mRNA_custom.html>) using high cut-off values and the indicated parameters. Shown are hazard ratios (HR) with confidence intervals (on the log scale with x-axis labels on the linear scale) according to the expression of the indicated gene(s) in the patient populations by ER and PGR (PR) status. The numbers of cases, events and *P*-values are shown in [Table S1](#SD1){ref-type="supplementary-material"}.](nihms769087f5){#F5}

###### 

Correlation analysis of nuclear C/EBPδ staining in breast carcinoma cells (TMA-2)

                   n     C.C.[1](#TFN1){ref-type="table-fn"}   P-value
  ---------------- ----- ------------------------------------- ---------
  **All tumors**                                               
   **ER**          292   0.121                                 0.039
   **PGR**         286   0.255                                 \<0.001
   **Grade**       290   −0.215                                \<0.001
  **ER+ tumors**                                               
   **PR**          187   0.315                                 \<0.001
   **Grade**       192   −0.282                                \<0.001
   **pERK**        179   0.249                                 0.001
   **CA IX**       164   −0.196                                0.012
   **VEGF**        185   −0.175                                0.017

C.C.: Spearman's rank-order correlation coefficient.

###### 

Multivariate Cox regression analysis indicating high C/EBPδ score as a significant good prognostic marker

                    HR      95% C.I.   P-value   
  ----------------- ------- ---------- --------- ---------------
  Age               0.981   0.947      1.017     0.299
  Treatment         0.773   0.533      1.122     0.175
  Tumor Size        1.009   0.991      1.028     0.316
  Tumor Grade       1.467   0.952      2.26      0.082
  **Node Status**   2.046   1.258      3.327     **0.004**\*\*
  **ER Status**     0.577   0.384      0.865     **0.008**\*\*
  cyto.C/EBPδ       0.890   0.596      1.327     0.567
  **nucl.C/EBPδ**   0.621   0.393      0.982     **0.041**\*

Hazard ration (HR) with 95% Confidence Interval (C.I.) and P value.

Cyto.: cytoplasmic, nucl.: nuclear.
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